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(57) ABSTRACT 

A genetic algorithm architecture implements a two-stage 
completion genetic algorithm with respect to an evolving 
current population dataset. The two-stage completion genetic 
algorithm that includes genotype and phenotype completion 
loops. The genotype completion loop operates to compete the 
current population data set based on genotype field fitness 
scores. The genotype completion loop also implements a 
phenogenesis operator used to generate a current phenotype 
set. The phenotype completion loop operates, concurrently 
with the genotype completion loop, to evaluate the current 
phenotype set, constrained relative to the current population 
data set, against a fitness function to produce phenotype fit 
ness scores. The phenotype completion loop implements a 
genotype reduction operator that then determines corre 
sponding genotype fitness scores for use as the basis for 
competition in the genotype completion loop. 
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1. 

CONCURRENT TWO-PHASE COMPLETON 
GENETICALGORTHMSYSTEMAND 

METHODS 

This application is a divisional of application Ser. No. 
1 1/100,968, filed Apr. 7, 2005, now U.S. Pat. No. 7,603,325, 
issued Oct. 16, 2009. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention is generally related to systems and 

methods implementing computationally and data set inten 
sive genetic algorithms and, in particular, to a computation 
ally efficient genetic algorithm capable of processing Sub 
stantially sized populations. 

2. Description of the Related Art 
Genetic algorithms (GAS) are increasingly if not already 

widely used to solve a variety of computational problems that 
are of a scale that are not readily Solvable, at least as a 
practical matter. Such problems typically occur in the field of 
multi-variate analysis as applied to, for example, discovering 
complex drug interactions in massed clinical trial data and 
trend-spotting in broad-based, high-volume economic data. 
Alternate known methods. Such as stochastic and bivariate 
analysis methods, will tend towards identifying localized, 
rather than optimal Solutions. In many cases, the data sets are 
so large and the cross-correlations between variate fields too 
uncertain to practically consider application of any conven 
tional methodology other than those based on genetic algo 
rithms. 

There are, however, a number of known limitations in 
current implementations of conventional genetic algorithms. 
These limitations are particularly significant in that they 
directly constrain the number of variate data fields that can be 
considered simultaneously, the size of the data population 
that can be processed, and the overall throughput of the com 
puter systems implementing the genetic algorithms. 
A known limitation of conventional genetic algorithms is 

frequently described as convergence or selection pressure 
stall. Where the population is large in relation to the variation 
of parameters of interest, conventional genetic algorithms 
will encounter difficulties in reliably distinguishing varia 
tions of significance. The genetic algorithm will tend to 
overly focus on insignificant distinctions in the population 
data set and fail to make meaningful progress towards iden 
tifying a population-wide optimal Solution. In effect, the 
genetic algorithm will prematurely identify and hold to a 
nearly arbitrary local maximum as a final problem solution. 
Although stalling can occur with any population size when 
ever the data set features of interest are nearly homogenous, 
the stalling phenomenon is most significantly encountered 
whenever a conventional genetic algorithm is applied to any 
overly large population data set. Real world applications 
unfortunately tend to require analysis of extremely large 
populations and correspondingly large population data sets. 
Subdivision of the population for purposes of GA analysis 
results in the loss of significant information in the form of 
unanalyzed cross-correlations between the Subpopulations. 
Therefore, conventional GA implementations will require 
many independent GA runs over arbitrarily cross-cut Sub 
populations and a statistical analysis of the resulting family of 
potentially optimal Solutions. This approach is very time con 
Suming and does not preclude the loss of epistasis or other 
cross-correlation dependent information among the Subpopu 
lations. 
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2 
Another limitation of conventional genetic algorithms is a 

fundamental difficulty in Scaling computer implementations 
to concurrently process larger population data sets or to 
increase the throughput processing of a given population data 
set. As a practical matter, genetic algorithms progressively 
carry forward knowledge about potential optimal solutions to 
a problem in the evolving composition of the population data 
being processed. While an effective mechanism for storing 
the knowledge in an efficiently processable manner, there is 
little ability to share the knowledge in a manner that does not 
fundamentally disrupt the operation of the GA or loose sig 
nificant information. 
A conventional approach to performance Scaling relies on 

a shared population data space, in effect a shared memory 
representation of the current population data set, accessible 
by multiple GA processors. The data and computationally 
intensive nature of GAS, however, typically results in signifi 
cant contention for memory access. The intended benefits of 
parallelization are substantially lost. Alternately, full parallel 
processing architectures are used, though with the necessity 
of Subdividing the population data set. As before, population 
subdivision inherently results in the undesirable loss of cross 
correlation information. 

Relatively recent developments in GA theory, specifically 
the advancement of competent genetic algorithms, have pro 
duced substantial performance improvements by evolving the 
implementation of qualified linkage learning. A linkage 
learning GA attempts to concurrently perform genetic pattern 
search and allele or attribute evaluation. Competency 
imposes a necessary constraint that pattern search complete 
first. One approach to delaying final attribute selection 
involves a complex, cyclic chromosomal system used to 
implement a probabilistic expression and preservation of 
attributes that would otherwise be eliminated under normal 
competition. Preserved attributes are expressed in probabilis 
tically determined locations, resulting in reordered chromo 
Somal patterns. The reordering function thus permits linkages 
between fields to be effectively searched with the most fit 
linkages being retained through competition. 
GA systems modeled on cyclic chromosomes coupled with 

probabilistic expression operators represent, at best, artificial 
genetic systems. While such artificial systems have been 
experimentally validated against known population sets, 
including population sets seeded with known problematic 
data patterns, the algorithms largely exist without a guiding 
biological model. Current GA theory may not yet be adequate 
to permit reliance on Such artificial algorithms, or at least 
determine the degrees of uncertainty, when analyzing real 
population data sets for practical ends. 

Still another known limitation of conventional genetic 
algorithms is the deficient recapture of knowledge through 
use of the mutation operator. The fundamental operation of 
the selection and cross-over GA operators serve to drive 
innovation, or knowledge discovery. Even using a probabilis 
tic expression or equivalent operator that tends to preserve 
attribute value knowledge, knowledge potentially significant 
to a final optimal Solution can be prematurely lost from the 
current population data set through the progression of com 
petition. Excessive knowledge loss, typically arising from use 
of an overly aggressive cross-over rate, leads to GA instabil 
ity. 
To maintain stability, standard GA mutation operators are 

used to progressively prompt the rediscovery of potentially 
prior lost knowledge. The mutation rate must be sufficient to 
assure that any prematurely lost fields and values are reintro 
duced into a current population data set to permit inclusion, as 
appropriate, into the eventual optimal Solution data set. Single 
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point mutations, as represented by a single instance of a field, 
are rather inefficient at reintroducing lost knowledge. The 
likelihood that a single point mutation will Survive and propa 
gate sufficient to affect the eventual optimal solution is rather 
low. Mutation rates must therefore be sufficient not only to 
reintroduce single instances of fields, but of sufficient 
instances to present a Sufficient variety of values that may be 
determined significant in the determination offitness and thus 
participate in the final optimal data set. 

Conventionally, the GA cross-over rate, set high enough to 
achieve the desired innovation, must be suitably balanced by 
the mutation rate to maintain stability. Conversely, the muta 
tion rate, desirably set higher to assure an adequate recapture 
of lost knowledge before closure, cannot be set too high due 
to the generally randomizing effect of mutation on conver 
gence. Thus, conventional cross-over and mutation rates are 
limited, thereby limiting the rate of convergence on a reliably 
obtained optimal Solution as a practical matter, in significant 
part due to the limited knowledge recapture possible through 
single-point mutations. 

Consequently, there is a clear need for an improved GA 
system capable of handling large, high-order multi-variate 
populations, achieve high-throughput, facilitate paralleliza 
tion, and ensure the effective retention and recapture of rel 
evant knowledge throughout the GA processing cycles. 

SUMMARY OF THE INVENTION 

Thus, a general purpose of the present invention is to pro 
vide an efficient, high-performance, parallelizable genetic 
algorithm implemented in a computer system and methods of 
operating the system. 

This is achieved in the present invention by providing a 
genetic algorithm architecture that implements a two-stage 
completion genetic algorithm with respect to an evolving 
current population data set. The two-stage completion genetic 
algorithm that includes selectively interdependent genotype 
and phenotype completion loops. The genotype completion 
loop operates to compete the current population data set 
based on genotype field fitness scores. The genotype comple 
tion loop also implements a phenogenesis operator used to 
generate a current phenotype set representative of the geno 
types within the current population data set. The phenotype 
completion loop operates, concurrently with the genotype 
completion loop, to evaluate the current phenotype set against 
a fitness function to produce phenotype fitness scores. The 
phenotype completion loop implements a genotype reduction 
operator that then determines corresponding genotype fitness 
scores that are used as the basis for competition in the geno 
type completion loop. 
An advantage of the present invention is that the genetic 

algorithm system architecture incorporates a two-stage 
genetic completion against phenotypes and genotypes 
resolved against the population data set. With two-stage 
genetic completion, a far larger number of variate fields and 
correspondingly larger population data set size can be effi 
ciently processed without selection pressure stall than in any 
conventional genetic algorithm system. 

Another advantage of the present invention is that the 
architecture directly Supports GA processor parallelization 
without degrading the performance or impacting the ongoing 
operational accuracy of any individual GA processor. Hard 
ware parallel performance scales nearly linearly, limited prin 
cipally by the performance and capacity of a database cache, 
while total GA performance scales as a nearly exponential 
function of the combined GA search space processed by the 
parallel GA processors. Although preferred, hardware cache 
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4 
writes need not be strictly serialized against cache reads, 
resulting in the Substantial removal of cache performance as 
a constraint on the scalability of a GA processor array. Cache 
size is effectively non-limiting when sufficient to store a 
compact representation of the current generation of the popu 
lation data set being processed by the GA processor array. 
A further advantage of the present invention is that the 

architecture implements an automatic, auto-adjusting linkage 
learning function allowing concurrent pattern and attribute 
search. Using the two-stage genetic completion GA architec 
ture, genotype and phenotype analysis proceed concurrently 
with the result that, as genotype-based pattern search con 
Verges, the GA architecture automatically increases the deter 
ministic significance of the phenotype-based attribute search 
in converging towards a final optimal solution. 

Still another advantage of the present invention is that the 
architecture Supports a lossless knowledge recovery mutation 
operator. The architecture implements a persistent rulebase 
that enables the immediate recovery of the full past knowl 
edge value of the field and associated phenotypes restored by 
mutation. Consequently, mutation restored knowledge propa 
gates based on a multipoint mutation recovery representing 
accumulated competitive significance, rather than as just a 
novel single point mutation. Lower mutation rates can be used 
while attaining equal if not substantially improved GA per 
formance due to lossless knowledge recovery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an architectural block diagram of a preferred 
computer-based, genetic algorithm implementation of the 
present invention. 

FIG. 2 is a system block diagram of a scalable, multipro 
cessor computer system demonstrating a fully parallel imple 
mentation of the computer-based genetic algorithm of the 
present invention. 

FIG. 3 is a detailed block diagram of a preferred imple 
mentation of the rulebase cache subsystem used by the 
present invention. 

FIG. 4 provides a process flow diagram illustrating the 
competition and recombination processes of a genotype 
completion stage and further illustrating lossless knowledge 
recapture through the mutation operator in accordance with a 
preferred embodiment of the present invention. 

FIG. 5 provides a knowledge space representation of the 
benefit obtained by use of the lossless knowledge recapture 
mutation operator in accordance with a preferred embodi 
ment of the present invention. 

FIG. 6 provides a process flow diagram illustrating opera 
tion of the two-phase completion genetic algorithm architec 
ture as implemented in a preferred embodiment of the present 
invention. 

FIG. 7 provides a process flow diagram illustrating the 
efficient linkage learning operation as achieved in a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a highly effective, scalable, 
computer implemented genetic algorithm that is capable of 
reliably processing multi-variate fields and population sizes 
that are well suited to practical application and well beyond 
the comparable limits of conventional genetic algorithm 
implementations. In the following detailed description of the 
preferred embodiments of the present invention, like refer 
ence numerals are used to designate like parts depicted in one 
or more of the figures. 
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The present invention is applicable, in general, wherever a 
genetic algorithm may be used to analyze a population data 
set for the identification of an optimal solution set. In terms of 
the present invention, a population data set is composed of 
individuals having variate characteristics or fields that collec 
tively define the genome of the population. Each individual 
within the population is represented by a set of fields, which 
may be a Subset of the genome fields, that define the genotype 
of the individual. Individuals may have different genotypes. A 
genome field, and equivalently a genotype field, can contain a 
field-type dependent number of different possible values. A 
binary field can store 2" values, where n is the bit width of the 
field. Real number fields will store a numeric precision 
dependent number of values. Other field types can include 
enumerations and integers. The particular value stored by a 
field is the attribute of the field. The phenotype of an indi 
vidual is determined by the specific attributes of the genotype 
fields for that individual. 
As is known, a genetic algorithm does not produce a spe 

cific answer to a problem, but rather operates to identify an 
optimal subset of the given population that best fits the estab 
lished GA analysis model. In accordance with the present 
invention, discerning an optimal Solution set for a GA prob 
lem involves the integral and concurrent determination of a 
best fit set of genotypes and, for that set of genotypes, a best 
fit set of phenotypes. The present invention implements this 
linkage learning, effectively discerning optimal genotype 
patterns and phenotype attributes, in a concurrently inter 
operating two-stage completion genetic algorithm architec 
ture. 

A preferred embodiment of the genetic algorithm architec 
ture 10 of the present invention is shown in FIG. 1. The 
architecture 10 may be implemented in a general purpose 
computer system ranging in specification from industry stan 
dard personal computers to mainframes. A source population 
data set is typically provided in a source database 12. A user 
interface 14 permits a number of different analysis param 
eters to be selected 16, including an initial population data set 
for analysis, specifically, the set of genotypes representing an 
initial population data set, a phenotype size factors, used to 
control the generation of a hypothetical phenotype population 
data set, initial mutation, cross-over, and Scaling rates, and 
others that will be discussed below. 

Based on the source population data set, a genome cross 
matrix table 18 is established. The table 18 preferably stores 
the attributes that exist within the population data set indexed 
by field. Preferably, the table 18 also provides a random 
attribute selector that will return a number of actual attribute 
values for a given field, where the number is defined by the 
hypothetical phenotype size factor parameter. 
A first stage genotype completion loop 20 includes geno 

type competition 22 and recombination 24 processes operat 
ing on sets of field groups representing the genotypes of the 
current generation of the population under analysis. The 
genotype competition process 22 preferably implements a 
genotype selection operator 26 that allocates selected field 
groups for mutation, cross-over, and reproduction. The 
recombination process 24 preferably implements GA muta 
tion 28, cross-over 30, and reproduction 32 operators that 
together produce a next generation of field groups 34. 

The genotype selection operator 26 relies on field group 
fitness scores that are generated in a second stage phenotype 
completion loop 36. In accordance with the present invention, 
each iteration of the phenotype completion loop 36 is pre 
sented with a hypothetical phenotype population probabilis 
tically produced by the genotype completion loop 20. A phe 
nogenesis operator 38, present as an active component of the 
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6 
genotype competition process 22, produces a current hypo 
thetical phenotype population based on the set of current field 
groups 34. For each field group, representing a genotype, the 
phenogenesis operator 38 produces a corresponding set of 
phenotypes where the values of each field are obtained from 
the genome cross-matrix table 18. The number of phenotypes 
generated for each genotype is determined by the hypotheti 
cal phenotype size factor parameter. 
The hypothetical phenotype population is provided to a 

phenotype competition operator 40. This current hypothetical 
phenotype population coupled with a selectively retained his 
tory of prior hypothetical phenotype populations is used by 
the phenotype competition operator 40 to substantially deter 
mine the field group fitness scores for the genotypes repre 
sented in the current hypothetical phenotype population. A 
phenotype fitness query operator 42 evaluates each generated 
phenotype to determine a corresponding phenotype fitness 
score, constrained to those phenotypes that exist within the 
actual source population data set. A rulebase cache 44 is used 
to store previously evaluated phenotypes and corresponding 
fitness scores. Where a generated phenotype is not present in 
the rulebase cache 44, the source database 12 is tested to 
determine whether the generated phenotype exists within the 
Source population data set. If found, the phenotype is then 
processed through a fitness computation process 46 that 
implements the genetic algorithm fitness model. Preferably, 
the fitness computation process 46 implements the model 
using a conventional GA clustering, positive prediction value 
(PPV), Bayesian p-value, or Chi-square discrimination algo 
rithm with the result of producing a fitness score for the 
processed phenotype. The processed phenotype and deter 
mined fitness score are then stored to the rulebase cache 44. 

Given that the fitness computation process 46 is computa 
tionally intensive, storing phenotype and fitness rules to the 
rulebase cache 44 efficiently eliminates repeated fitness cal 
culations typical of conventional GA algorithms that, as a 
practical matter, Substantially limit the size of population data 
sets that can be analyzed using conventional GA algorithms. 
In contrast, the computational intensity of the fitness calcu 
lations acts as a practical limitation, in the context of the 
present genetic algorithm architecture 10, only on the pheno 
type size factor. In preferred embodiments of the present 
invention, phenotype size factors in the range of 20 to 2,000 
can be readily used given only a high-end personal computer 
level platform. Larger size factors, reaching upwards of 
20,000 or greater, can be accommodated on workstation-class 
and larger computer systems. Using larger phenotype size 
factors effectively increases the rate of search over the phe 
notypes within the Source population data set. 
The set of phenotype rules determined for a hypothetical 

phenotype population are returned to complete phenotype 
competition 40. A phenotype selection operator 48 preferably 
implements a truncation function to select, based on pheno 
type fitness scores, the top N phenotypes for each different 
genotype represented in the set of phenotype rules. The value 
of N is preferably set initially as one of the analysis param 
eters 16. While other GA selection algorithms may be used, 
the truncation function is currently preferred for computa 
tional simplicity. Each genotype is then assigned a genotype 
fitness score based, in the preferred embodiments, on the 
average of the corresponding top N phenotype scores. Alter 
nately, the assigned genotype fitness scores may be deter 
mined based on computed mean, Standard deviation, or other 
distribution analysis function. 
A closure analysis operator 50 is provided to determine 

whether an optimal phenotype solution set has been discov 
ered in the processing of the current population data set. A 
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number of different criteria can be considered in determining 
closure, including the number of generations processed 
through the genetic algorithm architecture 10, the diversity of 
the current population data set, and the inter-generational 
variance in the sets of phenotype rules considered by the 
phenotype selection operator 48, including particularly those 
identified by the truncation function. 
The closure analysis operator 50 also preferably generates 

a number of scaling factors used to tune the sensitivity of the 
genetic algorithm architecture 10 to the genotype and pheno 
type fitness scores determined for current population data 
sets. These Scaling factors preferably include a phenotype 
fitness amplification factor, a mutation rate factor, and a 
cross-over rate factor. In particular, the phenotype fitness 
amplification factor is preferably a logarithmic multiplier 
applied to the phenotype fitness scores to maintain the scores 
well distributed over a predefined range, thereby enhancing 
distinctiveness for the benefit of the phenotype selection 
operator 48. In preferred embodiments of the present inven 
tion, exponent values progressively varying in the range of 
from -1.5 to +1.5 are typically used. As will be further 
explained below, the genetic algorithm architecture 10 is able 
to quickly progress towards convergence without requiring 
excessive or even Substantial mutation rates. Consequently, 
the genetic algorithm architecture 10 is able to use higher 
amplification factors, that in turn reduce the possibility of 
premature convergence, without loss of stability. 

Closure is concluded where the generation iterations 
exceed a preset analysis parameter 16 or reach threshold 
diversity or variance limits also defined by analysis param 
eters 16. An identification of the current phenotype popula 
tion, representing a potential optimal solution set, is provided 
to a reporting subsystem 52. The full set of accumulated 
phenotype rules stored by the rulebase cache 44 is preferably 
also available to provide an expanded and historical basis for 
determining a final optimal Solution set. 
A genotype reduction operator 54 is provided to reduce the 

selected set of phenotype rules, as found by the phenotype 
selection operator 48, to a corresponding set of genotypes and 
genotype fitness scores. These genotype rules are provided to 
the genotype selection operator 26. The genotype fitness 
scores are used in a GA selection algorithm to determine the 
destiny of the individual field groups represented by the geno 
types. In the preferred embodiments of the present invention, 
a GA proportional selection algorithm is used. While conven 
tionally discouraged due to a greater sensitivity to population 
pressure, proportional selection is desirable for increased 
noise immunity and a tendency to converge quicker than 
achievable using other selection operators. The increased 
immunity to population pressure stall otherwise afforded by 
the genetic algorithm architecture 10 therefore enables effec 
tive use of proportional selection in implementations of the 
present invention. 
A preferred appliance system implementation 60, includ 

ing an optional parallel processor configuration, is shown in 
FIG. 2. A control processor 62 is preferably used to manage, 
via a network connection, the operation of one or more GA 
appliance processors 64. Each GA appliance processor 
64 may be implemented using a headless personal com 
puter, workstation, or mainframe computer platform. Sets of 
GA control parameters 66-yare preferably maintained either 
on the control processor 62 or distributed on the GA appliance 
processors 64 to maintain control parameters, including 
the analysis parameters 16, specific to each of the GA appli 
ance processors 64. A database processor 68, preferably 
implementing a conventional SQL-based database manage 
ment system, is accessible via database interface clients 70-y 
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8 
implemented on the GA appliance processors 64. The 
database processor 68 provides managed access to a source 
database 72, providing storage for source data sets 12, and a 
rulebase database 74, providing storage for persistent copies 
of the cached contents of rulebase caches 44. The database 
processor 68 preferably implements a cache 76 sized suffi 
cient to store working portions of the genome cross-matrix 
table 18 and rulebases 44 for the instances of the genetic 
algorithm architecture 10 concurrently executed by the GA 
appliance processors 64. The database processor 68 is 
preferably accessible from the control processor to enable 
reporting of Solution sets and further analysis of persistently 
stored rulebase cache data. 

For a minimal implementation, the functions of the control 
processor 62, a GA appliance processor 64, and database 
processor 68 can be combined and implemented on a single 
hardware platform. Alternately, the functions of the control 
processor can be integrated into a business information sys 
tem and the remaining functions of the genetic algorithm 
architecture implemented as business objects in a larger data 
mining or data analytics system. 
A preferred implementation of the rulebase cache sub 

system 80 is shown in FIG. 3. A phenotype fitness query, as 
issued from a GA appliance processor 64 is resolved by 
the database processor 68 against the rulebase cache 44, pref 
erably as entirely held within the cache 76. Where a pheno 
type matching rule exists within the rulebase cache 44, the 
rule is returned. Where a matching rule does not exist, the 
database processor 68 may automatically, by way of a data 
base stored procedure 82 or the like, determine whether the 
queried phenotype exists as a member of the corresponding 
population data set 12 held by in the source database 72. 
Based on the existence of the phenotype within the population 
data set 12, the requesting GA appliance processor 64-y 
performs the phenotype fitness computation 46 and returns 
the resultant rule to the database processor 68 for storage in 
the rulebase cache 44 and, further, to the rulebase database 74. 
The top-level process flow 90 implemented in a preferred 

embodiment of the genetic algorithm architecture 10 is shown 
in FIG. 4. In accordance with the present invention, the first 
stage completion loop 20 implements a GA-type competition 
between field groups essentially separate from a consider 
ation of underlying phenotypes. While the fitness computa 
tion 92 derives field group fitness scores from the second 
stage phenotype completion loop 36, which involves a sepa 
rate competition between phenotypes, the resulting fitness 
scores are resolved, by genotype reduction 54, to be specific 
to the genotypes represented by the individual field groups. 
Selection 94 is thus performed on the fitness qualifications of 
the genotypes. 

Recombination by replication 96, cross-over 98, and muta 
tion 100 is also performed against genotype fields. Replica 
tion 96 merely copies selected field groups. Mutation 100 
produces field groups with randomly substituted fields, 
thereby creating new field groups relative to the parent popu 
lation set of genotypes. 
The preferred cross-over 98 operator implements a ran 

domized non-field biased cross-over in addition to standard 
GA single-point cross-over. The cross-over rate factor deter 
mines the subset of field groups selected for cross-over. 
Nominally, single-point cross-over is then performed for 
selected pairs of field groups at a randomly selected point 
betweenfields along the length of the field groups. Preferably, 
a Sub-selection of the cross-over selected field groups, as 
further determined by a randomized cross-over ratefactor, are 
instead Subjected to randomized non-field biased cross-over. 
In performing randomized non-field biased cross-over, the 
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individual fields of sub-selected field group pairs are selected 
for Swap using a uniform probability random choice function. 
The resulting cross-over produces a pair of field groups with 
mixed combinations of the fields occurring in their parental 
field groups without field-linkage bias. 5 

In conventional genetic algorithms, recombination pro 
duces a new current population of phenotypes that is then 
directly subjected to generational competition, as generally 
indicated by the dashed line 102. In accordance with the 
present invention, the substantive content represented by the 10 
new current population of genotypes is effectively external 
ized and preserved 104 in the rulebase cache through the 
operation of the second stage phenotype completion loop 36. 
This functional externalization facilitates parallel access to 
the knowledge developed within instances of the genetic 15 
algorithm architecture 10. Furthermore, the knowledge base 
persisted in the rulebase cache represents a knowledge con 
strained to phenotypes that actually exist within the Source 
population data set and is therefore valid within the applied 
domain of the Source population data set. Rules produced by 20 
any of the GA appliance processors 64 given a common 
fitness model instance, are usable by any of the GA appliance 
processors 64. 

The principal constraints on the parallelization of the GA 
appliance processors 64 are therefore the storage size and 25 
access bandwidth of the cache 76. Since rule validity is 
equally independent of the generation of production, there is 
no restriction on the ordering of cached rule reads and writes 
as between the different GA appliance processors 64. In a 
preferred embodiment of the present invention, the rulebase 30 
cache as effectively maintained within the cache 76 is simply 
optimized for rule reads with priority given to rule writes 
independent of the GA appliance processors 64that source 
the read and write requests. Consequently, the hardware per 
formance of paralleled GA appliance processors 64 will 35 
scale nearly linearly with the number of processors provided. 

In accordance with the present invention, the preservation 
104 of rules in the rulebase cache also enables a new knowl 
edge preservation mode. As generally represented in FIG. 5, 
conventional genetic algorithms Support knowledge repre- 40 
sentation through a diploid dominant and recessive field 
encoding scheme. A dominant knowledge space 112 repre 
sents the fields and attributes that directly contribute to the 
determination of an optimal Solution. A larger space 114 
effectively represents additional knowledge preserved 45 
through the existence of recessive fields held in abeyance. 
Recessive fields are capable of preserving meaningful knowl 
edge through transient evolution of the current population 
data set. 

Knowledge in conventional genetic algorithms is entirely 50 
lost where, through progressive recombination, a field 
attribute is eliminated from the current population data set. 
Further, the entire field is lost when the last field/attribute pair 
is lost. Conventionally, the GA mutation operator is intended 
to randomly introduce field/attribute pairs and thereby create 55 
the potential of recovering prematurely lost knowledge. To be 
effective, as a practical matter, the mutation rate must be set 
Sufficiently high to supportan adequate rate of innovation and 
to reduce the potential for premature convergence. While 
higher mutation rates may be desired to accelerate knowledge 60 
recapture, increased mutation has the negative effect of dis 
rupting the otherwise progressive adaptation of the current 
population data set and slowing ultimate convergence to an 
optimal data set. 

In the case of the present invention, the preservation 104 of 65 
both field and attributes in the rulebase cache 44, even where 
the fields and attributes are no longer represented in the cur 

10 
rent population data set 112, 114, effectively adds what may 
be analogized as an intergenic rules component to the knowl 
edge space 116 maintained by the present invention. Rules for 
the sets of phenotypes corresponding to genotypes that 
existed within but are no longer a part of the current genotype 
population data set remain stored in the rulebase cache 44. In 
the genetic algorithm architecture 10 of the present invention, 
a mutation 100 substitutes a new field into a given field group. 
Where the resulting genotype represents a reintroduction of a 
prior lost genotype, the mutation equally restores all of the 
matching phenotypes. The full knowledge represented by the 
restored genotype is equally restored. Consequently, the 
present invention need not rely on a high rate of mutation to 
progressively restore specific prior lost field/attribute pairs 
that may yet be significant to identifying an optimal set. 
Instead, the mutation operator 100 need only operate at a rate 
Sufficient to restore prior lost genotypes that contain opti 
mally significant phenotypes. The reduction in required 
mutation rate is inversely proportional by the density of geno 
types within the Source population data set while being Sub 
stantially independent of the phenotype size of the Source 
population data set. 

Additionally, the restoration of a prior lost field and there 
fore the corresponding genotype can neta Substantial perfor 
mance improvement in implementations of the genetic algo 
rithm architecture 10. With the restoration of a field, all of the 
corresponding prior considered phenotypes become available 
for selection as a function of the phenogenesis operator 38. 
Since the phenotypes are stored within rules, significant num 
bers of prior computed phenotype fitness scores can become 
immediately available for access from the rulebase cache 44. 
In practical effect, a potentially substantial body of prior 
evaluated knowledge is losslessly restored from outside of the 
knowledge space represented just by the current population 
data set. 
The functional operation 120 of the second stage comple 

tion loop 36 in relation to the first stage completion loop 20 is 
generally illustrated in FIG. 6. In accordance with the present 
invention, phenogenesis 122 drives abroad, randomized, yet 
high-speed search of the phenotype space within the source 
population data set. The scope of phenogenesis-based com 
petition 124 is, however, linked to and constrained by the 
actual source population data set and the current population 
of genotypes being analyzed in the first stage completion loop 
20. The combination of phenogenesis 122 and phenotype 
competition 124 is therefore a targeted or bound, and thereby 
intrinsically stable operation. 

Genotype reduction 126, in accordance with the present 
invention, effectively segregates phenotype details from the 
first stage completion loop 20 by compiling phenotype fitness 
scores into representative genotype fitness scores. The highly 
desired result is that the first stage completion loop 20 func 
tions entirely as a genetic competition between field groups. 
Consequently, the performance limits of the first stage genetic 
competition are predominantly dependent on the number of 
different genotypes within the source population data set 
rather than on the phenotype size of the Source population 
data set. The genetic algorithm architecture 10 is therefore 
able to handle a number of potentially relevant fields and a 
total source population data set size many orders of magni 
tude greater than conventional genetic algorithm systems. A 
typical single CPU PentiumTM-class personal computer can 
readily analyze a population data set defined by 50 to 75 fields 
with a phenotype set size that is, depending on the phenotype 
size factor parameter, some 2000 times larger than the phe 
notype population that can be managed by a conventional 
genetic algorithm on comparable hardware. Furthermore, the 
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increased analysis scope is obtained without loss of precision 
in the phenotype knowledge, since all phenotype rules are 
persisted 130. 

The effective linkage learning operation 140 implemented 
by the genetic algorithm architecture 10 is illustrated in FIG. 
7. In accordance with the present invention, the first stage 
completion loop 20 effectively implements a discrete pattern 
search 142 while the second stage completion loop 36 func 
tionally implements attribute search. The iterative subjection 
of field groups 146 to genetic competition 148 tends to 
resolve the current population offield groups towards a stable 
set. The recurrent phenogenesis, based on the available popu 
lation field/attribute matrix 154 is focused by the pattern 
search progression and thereby concurrently progresses 
toward identifying the most fit phenotypes for the current 
genotype population. Operator Scaling 152, including adjust 
ing mutation rates for pattern search 142 and amplification of 
the differences in phenotype fitness scores for attribute search 
144, functions to interoperatively adjust the gain of the pat 
tern search and attribute search loops 142, 144. Scaling 
adjustments that maintainstability for one loop therefore tend 
to be stable for both loops 142,144. Consequently, the genetic 
algorithm architecture 10 of the present invention achieves 
concurrent pattern and attribute search that progressively 
resolves to an identification of an optimal Solution set. Nota 
bly, this linkage learning is achieved without resort to an 
artificial genetic system to fully achieve the performance and 
efficiency gains conventionally theorized to occur with link 
age learning. Rather, the present invention implements a rep 
resentation of an intergenic knowledge storage system to 
retain and permit ready restoration of knowledge otherwise 
lost from current population data sets. 

Thus, systems and methods for implementing high perfor 
mance data analysis through the application of a two-stage 
completion genetic algorithm architecture has been 
described. While the present embodiments have been 
described in terms of the processing and analysis of popula 
tion data, Such data is to be understood to represent, consistent 
with the usage of the term in the field of genetic algorithms, 
any complex data set representable as sequences of charac 
teristics and attributes or fields and values. Population data 
sets are readily understood to include financial transaction 
histories, drug interaction trail histories, epidemiological 
study data, and other data sets that encode complex, multi 
variate relations. 

In view of the above description of the preferred embodi 
ments of the present invention, many modifications and varia 
tions of the disclosed embodiments will be readily appreci 
ated by those of skill in the art. It is therefore to be understood 
that, within the scope of the appended claims, the invention 
may be practiced otherwise than as specifically described 
above. 
The invention claimed is: 
1. A method, executable as a data analysis process on a 

computer system, for determining an optimal Solution set for 
a population data set using a defined fitness model, said 
method comprising the steps of 

a) receiving a predefined population data set and a pre 
defined fitness model; 

b) first competing, using a first genetic algorithm loop, 
genotype representations of phenotypes within a source 
population data set initially derived from said predefined 
population data set; 

c) second competing, using a second genetic algorithm 
loop using said predefined fitness model, phenotypes of 
said source population data set, wherein a current gen 
eration of genotype representations determines a current 
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12 
set of phenotypes that will compete in said current gen 
eration of said second competing step, and wherein said 
current generation of said second competing step deter 
mines genotype fitness scores to be used in said first 
competing step for said current generation of genotype 
representations; and 

c) providing said current set of phenotypes as an optimal 
Solution set dependent on closure of said second com 
peting step as determined using predetermined closure 
criteria. 

2. The method of claim 1 wherein said first competing step 
provides for the generation of a predetermined set of pheno 
types using a predetermined function operative over said 
Source population data set constrained to correspond to the 
genotype representations of said first competing step and 
wherein said predetermined set of phenotypes is provided as 
said current set of phenotypes. 

3. The method of claim 2 wherein said second competing 
step provides for the generation of genotype fitness scores 
based on a predetermined aggregation function operative 
over phenotype fitness scores determined for said current set 
of phenotypes. 

4. The method of claim 3 further comprising a step of 
Scaling the phenotype fitness scores determined for said cur 
rent set of phenotypes using a predetermined adaptive func 
tion to maintain a minimum threshold dynamic range in the 
generated genotype fitness scores. 

5. The method of claim 4 further comprising a step of 
monitoring the diversity of said current generation of geno 
type over a series of iterations of said first competing step and 
the variation in genotype fitness scores as generated by said 
predetermined aggregation function, said monitoring step 
providing a determination of convergence of said current set 
of phenotypes to said optimal solution set. 

6. A method of performing a data analysis process on a 
computer system through the execution of a computer pro 
gram implementing a genetic algorithm, said method com 
prising the steps of: 

a) performing a first genetic algorithm including competi 
tion and recombination against a first population data set 
containing a plurality of first members, wherein each 
first member represents a genotype of a second popula 
tion data set, and wherein competition is performed 
using a set of genotype fitness values; and 

b) performing a second genetic algorithm including selec 
tion and fitness evaluation against said second popula 
tion data set, wherein said second population data set 
contains a plurality of second members, wherein each 
said second member represents a phenotype of said first 
population data set constrained to exist within a third 
population data set, wherein said second genetic algo 
rithm performs a phenotype fitness evaluation to pro 
duce said set of genotype fitness values. 

7. The method of claim 6 wherein said phenotype fitness 
evaluation produces a rule set relative to said second popula 
tion data set, wherein said second population data set is itera 
tively generated, and wherein said rule set is cumulatively 
stored to a rulebase cache. 

8. The method of claim 7 wherein said phenotype fitness 
evaluation is based on a selected plurality of rules stored in 
said rulebase cache, wherein said selected plurality of rules 
correspond to phenotypes of said first members, and wherein 
said phenotype fitness evaluation selectively aggregates phe 
notype fitness values to produce genotype fitness values. 

9. The method of claim 8 wherein said first genetic algo 
rithm includes a mutation operator that provides for selective 
mutation of said first members. 
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10. The method of claim 9 wherein said first genetic algo 
rithm includes a phenogenesis operator that provides for the 
generation of phenotypes including phenotypes occurring 
within said third population data set. 

11. The method of claim 10 wherein a single instance of 
said rulebase cache is shared among a plurality of instances of 
said method. 

12. A computer system implemented data analysis process 
for determining an optimal solution set relative to a given 
population data set and fitness model, said computer system 
implemented data analysis process comprising the steps of 

a) receiving, from a control processor, a source population 
data set; 

b) processing said source population data set through a 
two-stage completion genetic algorithm wherein a cur 
rent population data set, initially derived from said 
Source population data set, is transformed through 
i) a genotype completion loop, including a phenogenesis 

operator, wherein genotypes of said current popula 
tion data set are competed based on genotype field 
fitness scores, said genotype completion loop provid 
ing for a cyclic revision of said current population 
data set; and 

ii) a phenotype completion loop, including a genotype 
reduction operator, wherein a current phenotype set is 
generated by said phenogenesis operator relative to 
said current population data set, wherein a fitness 
operator evaluates a predetermined fitness function 
against each phenotype of said current phenotype set 
to produce phenotype fitness scores, wherein said 
genotype reduction operator determines genotype fit 
ness scores from phenotype fitness scores, and 
wherein said current phenotype set is determined an 
optimal solution set based on predetermined closure 
parameters; and 

c) providing, to said control processor, said determined 
optimal Solution set. 

13. The computer system implemented data analysis pro 
cess of claim 12 further comprising a rulebase providing for 
the storage of phenotype data tuples wherein each phenotype 
data tuple includes a field group including a plurality of field 
and value pairs and a field group fitness score, wherein said 
computer system implemented data analysis process includes 
the steps of reading and writing said phenotype data tuples 
with respect to said rulebase, wherein said genotype reduc 
tion operator utilizes said rulebase as a cache accessible by a 
field group identity function, and wherein selected field group 
fitness scores are returned as phenotype fitness scores. 

14. The computer system implemented data analysis pro 
cess of claim 13 wherein said genotype reduction operator 
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14 
determines a phenotype fitness score for a predetermined 
phenotype of said current phenotype set provided said prede 
termined phenotype is present in said source population data 
Set. 

15. The computer system implemented data analysis pro 
cess of claim 14 wherein said processor further includes a 
genome cross matrix operator including a table of field and 
value pairs, wherein said table is accessible by said pheno 
genesis operator, and wherein said genome cross matrix 
operator populates said table with each field and value pair 
occurring within a genome defined by said source population 
data set. 

16. The computer system implemented data analysis pro 
cess of claim 15 wherein said genotype reduction operator 
implements a truncation function to select Subsets of pheno 
type data tuples for given genotypes from which to compute 
genotype fitness scores respectively for said given genotypes. 

17. The computer system implemented data analysis pro 
cess of claim 16 wherein said genotype completion loop 
includes a genotype based recombination operator, and 
wherein said genotype completion loop implements a propor 
tional selection function, responsive to genotype fitness 
scores provided from said genotype reduction operator, to 
allocate genotypes of said current population data set to said 
recombination operator. 

18. The computer system implemented data analysis pro 
cess of claim 17 wherein said rulebase is accessible by a 
plurality of said processors to read and write said phenotype 
data tuples. 

19. The computer system implemented data analysis pro 
cess of claim 13 wherein said rulebase provides a persistent 
store of phenotype data tuples generated in said phenotype 
completion loop irrespective of whether the phenotype data 
tuples are represented by genotypes of said current popula 
tion data set and wherein phenotype data tuples represented 
by genotypes absent from said current population data set 
remain accessible from said persistent store of phenotype 
data tuples within the performance of said phenotype comple 
tion loop. 

20. The computer system implemented data analysis pro 
cess of claim 14 wherein said genotype completion loop 
further includes a mutation operator that functions to include 
a generated genotype, absent from a prior iteration of said 
current population data set, in said current population data 
set, and wherein phenotype data tuples corresponding to said 
generated genotype are readable by said processor in perfor 
mance of said phenotype completion loop. 
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